BACKGROUND AND PURPOSE: Until now, endovascular treatment of symptomatic atherosclerotic stenosis in small intracranial arteries (Յ2.5 mm) was limited. We evaluated the safety and efficacy of the treatment by using Wingspan stents in arteries of this caliber.
P
TAS is an important method for treating atherosclerotic stenosis in intracranial arteries, and preliminary results suggest that this procedure is safe and effective. PTAS is difficult to implement in small-diameter artery stenosis because of the high surgical skill required and the high rate of restenosis.
1,2 From experience we know that the incidence of ISR is 25% with angioplasty and stent placement in small coronary arteries. 3 Vessel diameter is negatively correlated with ISR and other adverse outcomes. 4 By using the self-expanding Wingspan stent system (Boston Scientific, Freemont, California) to treat intracranial artery stenosis, the surgical success rate and safety of the procedure are further improved because of increased compliance. Bose et al 5 studied patients with intracranial stenosis in arteries 2.5 to 4.5 mm in diameter and who were treated with a Wingspan stent; however, to date, only a few studies have been conducted on the use of Wingspan stents in the treatment of small intracranial artery stenosis, and the sample size was small. 6, 7 Here, we defined small intracranial arteries as those with a vessel diameter Յ2.5 mm. In this study of 53 patients, with 53 small intracranial stenoses that were treated with Wingspan stents, we used clinical manifestations and imaging results to assess the safety and follow-up results of the procedure.
Materials and Methods

Patients and Techniques
We reviewed patients with symptomatic atherosclerotic stenosis in small intracranial arteries (Յ2.5 mm) treated with Wingspan stents in our hospital during a 41-month period from March 2007 to July 2010. We carefully reviewed the detailed patient information, including the patient's age and sex, clinical manifestations, lesion morphology, and endovascular treatment strategy.
Inclusion criteria were as follows: 1) age between 18 and 75 years; 2) at minimum, a TIA or stroke related to the symptomatic atherosclerotic stenosis in an intracranial artery within the preceding 180 days; 3) a pre-event mRS score Յ3; and 4) a DSA showing reference artery diameter Յ2.5 mm.
Exclusion criteria were as follows: 1) nonatherosclerotic intracra-nial arterial stenosis; 2) patients with brain tumors, vascular malformations, or aneurysms; 3) cardiogenic stroke in patients with atrial fibrillation, heart valve disease, left ventricular mural thrombus, or left ventricular myocardial infarction within the preceding 6 weeks; 4) patients with contraindications to the contrast agent, heparin, or anesthesia; and 5) having the same lesion previously treated with a stent.
Intervention Procedure
In brief, access was typically achieved through the common femoral artery. Heparin was titrated during the procedure to achieve an ACT that was 2 to 2.5 times that of baseline. Almost all procedures were performed through a 6F guiding catheter or a long-sheath system. After conventional catheter-based angiography, a microcatheter was manipulated across the target lesion by using a 0.014-inch microwire (Transend EX Platinum, Boston Scientific; ATW, Cordis Corp., Miami, Florida). The microcatheter was then exchanged over a 0.014-inch exchange microwire for a Gateway angioplasty balloon (Boston Scientific). When the reference artery diameter was between 1.85 mm and 2.5 mm (including 1.85 mm and 2.5 mm), the balloon diameter used was 80% of the reference artery diameter. When the reference artery diameter was between 1.5 mm and 1.85 mm (including 1.5 mm), we chose a balloon with a diameter of 1.5 mm. When the reference artery diameter was below 1.5 mm, we chose a balloon with a diameter of 1.5 mm (1 patient's artery had a diameter of 1.44 mm). The balloon length was selected to match the length of the lesion. Angioplasty was typically performed with a slow, graded inflation of the balloon to a pressure of between 6 and 10 atm, and was then maintained for 15-20 seconds. Following angioplasty, the balloon was removed and conventional angiography was repeated. Next, the Wingspan delivery system was prepared and advanced over the exchange wire across the target lesion. The stent's diameter was chosen to exceed the diameter of the reference artery by 0.5-1.0 mm. The stent's length was selected to exceed the length of the lesion by least 3 mm on both sides. Angiography was performed to measure residual postoperative stenosis. The procedures were performed by neurointervention physicians, (Q.H., J.L., B.H., Y.X., W.Z.). All have more than 8 years of experience in neurointervention.
Preprocedure and Postprocedure Medical Therapy
All patients were pretreated with a daily dose of 75 mg clopidogrel and 300 mg aspirin at least 3 days before the endovascular procedure. Aspirin was maintained at a daily dose of 300 mg for at least 6 months after the procedure until follow-up angiography was performed. In cases where no ISR or other related disease developed, aspirin was usually continued indefinitely at a daily dose of 100 mg. Clopidogrel was usually maintained for 6 weeks after surgery and then discontinued. Risk factors for atherosclerosis were controlled in accordance with relevant postprocedural guidelines.
Clinical and Angiographic Follow-Up
Clinical scores (modified Rankin score and NIHSS score) were obtained before the procedure, after the procedure, and before discharge. Following surgery, scores were obtained at 1 day, 4 weeks, 6 months, 1 year, and every other year thereafter. Follow-up angiography was performed at 6 months. ISR was defined as Ͼ50% stenosis within or immediately adjacent to (within 5 mm) the implanted stent, with Ͼ20% absolute luminal loss. 8 The initial and follow-up clinical examinations were performed by 1 neurologist (Y.Z.).
Statistical Methods
Before the measurements were taken, the measuring method was clearly identified by the investigators; the measurements were taken by 2 experienced investigators. Despite this, measurement bias is always inevitable, so we performed a t test for the 2 sets of data and found no statistically significant difference (P Ͼ .05). We therefore took the average of the 2 sets of data as the final measurement. Discrete lesions treated in the same vascular distribution were counted as a single patient with 2 treated lesions, and the stents were evaluated independently for ISR. If lesions were treated in 2 separate vascular distributions in 1 patient, then that patient was counted twice, with each stent evaluated independently for ISR. We grouped the patients according to the following criteria: relationship between ISR and lesion site, degree of vascular tortuosity, length of the vascular lesion, reference artery diameter and ratio of the reference artery diameter to the stent diameter, and residual stenosis. The count data were then analyzed by using the -square test. A P value of Ͻ0.05 represented a statistically significant difference. The data were analyzed by using SPSS 16.0 software.
Results
Patient Characteristics
The study included 53 patients (40 men and 13 women) ranging in age from 41 to 75 years (mean age, 56.7 years). Before stent placement, a total of 25 patients (47%) had experienced TIAs and 28 patients (53%) had experienced a stroke. Median time from qualifying event to stent placement ranged from 1 day to 45 days, with a mean of 23 days.
All 53 patients received DSA preoperatively. We defined the distal artery diameter as the reference artery diameter. The degree or percent stenosis of the target lesion was determined by using the formulas described by the WASID method. 9 Of the 53 lesions, 45 (84.9%) were located in an anterior circulation and were distributed as follows: 2 were in the intracranial carotid artery, 40 were in the M1 segment of the middle cerebral artery, and 3 were in the M2 segment of the middle cerebral artery; the remaining 8 lesions (15.1%) were in the posterior circulation. Artery diameter ranged from 1.44 to 2.5 mm, with a mean of 2.07 mm. All vascular lesions had 50%-95% narrowing, with a mean of 73.9 Ϯ 2.7%. In total, 42 of the 53 (79.2%) stenoses were greater than 70%.
Treatment Results
Initial Treatment Results. To date, we attempted implantation of 54 Wingspan stents in 53 patients. The length of stenosis in 1 patient was 28.4 mm, so we needed 2 stents to cover the lesion. The technical success rate for stent deployment across the stenotic lesion was 98.1% (Fig 1) ; only 1 stent could not be released at the target site because of vascular tortuosity. All of the patients were treated with a Gateway balloon and a Wingspan stent. After Gateway angioplasty, the stenoses were 10%-80% (with a mean of 40.9 Ϯ 4.2%). After Wingspan stent placement, the residual stenoses were 0%-50% (with a mean of 13.0 Ϯ 3.4%). One patient (1.9%) experienced surgery-related complications during the perioperative period. This patient, with middle cerebral artery stenosis, accepted an implanted Wingspan stent. The CT after the procedure showed a small hematoma in the basal ganglia region, and the hematoma did not increase. This may have been caused by a perforation from the microwire. The patient suffered partial anomic aphasia for 1 day and mild muscle weakness for 2 weeks, and then gradually returned to normal. This perforation did not lead to permanent neurologic sequelae. No patients died during the perioperative period.
Imaging and Clinical Follow-Up. Among 52 patients successfully treated by Wingspan stents, 39 patients (74%) were available for follow-up imaging with DSA (Fig 2) . The imaging follow-up time was 6 -32 months, with a mean of 9.8 months. ISR was documented in 13 patients (33.3%), including 1 patient with complete stent occlusion. One ISR patient received angioplasty with a drug-eluting stent. Fifty patients were available for a clinical follow-up after 6 -40 months, with a mean of 17.9 months; 34 patients had their follow-up more than 12 months after surgery. Of the 50 patients, 4 had clinical symptoms: 2 had symptomatic ISR and 2 had TIAs in a nonstented region. No patients died during the follow-up period.
Risk Factors for ISR
We calculated the median length of the vascular lesions (5.39 mm), the median ratio of the reference artery diameter to the stent diameter (0.78), and the average degree of residual stenosis (10.7%) among patients who had a follow-up, then grouped the patients based on whether they fell above or below these mean values (Table) . The results showed that patients with vascular lesions longer than 5.39 mm and/or ratios smaller than 0.78 had a much higher incidence of ISR.
Relationship between ISR and clinical or anatomic characteristics
ISR
Discussion
Although PTAS is an important method for treating cerebral artery stenosis, PTAS for the treatment of small intracranial artery stenosis remains challenging. Based on experience in the treatment of coronary stenosis, vessel size is inversely correlated with the risk of restenosis and with adverse outcomes after percutaneous coronary intervention 4 ; this is because a small vessel is less able to accommodate lumen renarrowing, which invariably occurs, to some degree, in most arteries after balloon dilation. 10 Moreover, intracranial arteries are more fragile than peripheral arteries due to their thin muscle in the artery wall, their lack of support by peripheral tissues, and their vascular tortuosity and small vessel diameter; these features make stent-assisted angioplasty procedures more difficult and possibly increase the incidence of complications. Thus, intracranial PTAS, especially in small intracranial arteries, is challenging.
Wingspan stents have made it possible to use PTAS to treat small intracranial arteries. In our study, the technical success rate was 98.1%; 1 stent could not be released to the target site because of vascular tortuosity. Although there was 1 surgeryrelated complication during the perioperative period, this patient had no permanent neurologic sequelae. Before placement of the Wingspan stent, an angioplasty was performed using a Gateway balloon. This conservative predilation approach reduces the degree of vascular trauma and likely minimizes both the risk of target-vessel perforation and the likelihood of downstream embolization of atheromatous debris caused by plaque disruption. Several research studies reported that the incidence of complications was 15%-30% when using a coronary balloon stent for intracranial stenosis, whereas the incidence was about 5%-18% when using a Gateway balloon and Wingspan stent. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] After Wingspan stent placement, the residual stenoses were 0%-50% (with a mean of 13.0 Ϯ 3.4%). The average residual stenoses of patients who had a follow-up was 10.7%. It was better than the 23%-36% reported, maybe related to the small caliber. First, there were 15 patients with reference artery diameter Ͻ1.85 mm; we chose a balloon with a diameter larger than 80% of the reference artery diameter. Second, angioplasty was typically performed with a slow-graded inflation of the balloon to a pressure higher than nominal pressure. Third, we usually chose a stent with larger diameter to have good dilation. So the degree of predilation with the balloon was greater.
ISR is a key factor influencing the outcome of PTAS. The rate of ISR in patients who undergo coronary vessel PTAS with a bare metal stent can be as high as 27.8%. 19 The occurrence of ISR is related to vascular injury and excessive repair. In theory, Wingspan stents can prevent ISR by reducing vascular injury, but the incidence of ISR remains at 30%. 20, 21 ISR is more common in small coronary arteries, 4 but there are no related reports for small intracranial artery stenosis. In our study, among the 39 patients who received an imaging follow-up, we encountered 13 patients (33.3%) with ISR. This percentage is similar to the currently reported incidence of ISR. Meanwhile, only 2 out of 13 (15.4%) patients were symptomatic. Levy et al 22 showed that 24% of patients with ISR were symptomatic, and some single-center studies obtained similar results. 8, 23 These data suggest that most patients with ISR are asymptomatic.
The lesion site, length of the vascular lesion, residual stenosis, degree of vascular tortuosity, reference artery diameter, and stent diameter are all potential risk factors for ISR. Fiorella et al 24 found that anterior circulation lesions were much more prone to ISR than posterior circulation lesions. But they did not reveal any underlying characteristics that exposed patients to an increased risk of ISR, with the exception of lesion location. 22 In our research, the differences were not statistically significant because of the small sample size. Turk et al 25 showed that anterior circulation regions-in particular, the supraclinoid segment and the middle cerebral artery-were highly prone to restenosis, and ISR lesions in these 2 locations were often more serious than the original stenosis. 20 It may be related to the degree of vascular tortuosity. In our dataset, we divided patients into 2 groups, according to the LMA classification, but found no statistically significant differences. On the one hand, vascular tortuosity increases surgical difficulty, and the stent cannot be released to the target site; on the other hand, because of malapposition, the stent cannot effectively support the wall or control the progress of the atherosclerotic plaque. Both of these situations can increase the incidence of ISR. In the future, it will be necessary to study the stent morphology after release by using CT angiography flat panel angioCT (Dyn-CT).
Some researchers also studied the relationship between the length of the vascular lesion or residual stenosis and ISR. They showed that patients with long lesions and a high percentage of residual stenosis have high rates of restenosis. 26, 27 In our study, we divided 39 patients with imaging follow-up into 2 groups based on the median length of the vascular lesions (5.39 mm). Patients whose vascular lesions were longer than 5.39 mm had a much higher incidence of ISR (53% versus 15% for patients with a lesion length of 5.39 mm; P Ͻ .05). The median degree of residual stenosis was 10.7%, and we used the same method to group the patients but found no statistically significant difference between the 2 groups.
The self-expanding Wingspan stent exerts a continuous outward radial force against the vessel wall. This outward radial force prevents early vessel recoil, thus consolidating the gains achieved with the initial angioplasty. A recent study showed that the degree of undersizing significantly affected wall shear stress, the wall shear stress gradient, and the oscillatory shear index, which may promote intimal hyperplasia, thrombosis, and atherogenesis. Conversely, oversizing significantly increased intramural stress, which can cause acute vessel dissection and can chronically stimulate smooth muscle proliferation and initiate an inflammatory response. 28 Thus, both undersizing and oversizing can lead to ISR. In the course of treatment detailed in our study, the Wingspan stent was slightly oversized, measuring 0.5 to 1.0 mm larger than the diameter of the reference artery. Based on the median ratio of the reference artery diameter to the stent diameter (0.78), we divided the 39 patients who received follow-up imaging into 2 groups. Patients whose ratio was less than 0.78 had a much higher incidence of ISR (53% versus 15% for patients with a ratio of more than 0.78; P Ͻ .05). It is possible that the intramural wall stress from the stent caused more damage to the vessel wall and subsequent excessive repair, ultimately leading to ISR. 26 Therefore, choosing a stent of the appropriate size may effectively reduce the blood flow dynamics and mechanical interference on the vessel wall, thereby reducing the incidence of ISR.
The limitations of these data should be noted. First, angiographic follow-up of all patients has not yet been completed, and the absolute number of follow-up patients becomes relatively small when they are split into subsets for analysis. Second, this is a restrospective analysis, so selection bias may be built into the data. Prospective randomized controlled trials are needed to provide more adequate statistical evidence. Third, there is insufficient relevant data on the use of Wingspan stents to assess the long-term efficacy of this procedure.
Conclusions
In our series, percutaneous transluminal angioplasty and stent placement of small intracranial arteries was safe. The ISR rate was relatively high; most patients having ISR were asymptomatic. Patients with longer vascular lesions and smaller ratios of the reference artery diameter to the stent diameter were more prone to ISR. Further follow-up is needed to assess the longterm efficacy of this procedure.
